INTRODUCTION
============

Caveolae are 60- to 100-nm, omega-shaped membrane domains rich in cholesterol and sphingolipids and are found on the plasma membrane of most cells. Caveolin-1 is the marker protein commonly used to identify this domain ([@B72]). Caveolin-1 is a 178--amino acid, integral membrane protein that forms a hairpin within the lipid bilayer with both the C- and the N-terminus facing the cytoplasm ([@B22]). Caveolin-1 is required to form invaginated caveolae since ultrastructural examination of tissues from caveolin-1^^−^/^−^^ animals showed that omega-shaped structures were completely absent ([@B21]). Recent studies have implicated polymerase I and transcript release factor (PTRF)/cavin-1 as another putative coat protein selectively associated with mature caveolae at the plasma membrane ([@B83]; [@B86]; [@B2]; [@B32]; [@B44]), and other cavin family members may also play a role in caveolae structure or function ([@B49]; [@B82]).

Unlike in clathrin-mediated endocytosis, the caveolin coat remains attached to the caveolin-coated vesicle and can be used as a marker to follow the intracellular trafficking of this membrane domain. Live-cell imaging has confirmed and extended our understanding of the dynamic behavior of caveolae. [@B37] showed that in mouse embryo fibroblasts ∼2% of the caveolin-coated cell surface is internalized per minute. That rate can be doubled by treatment with the phosphatase inhibitor okadaic acid ([@B56]) or by the glycosphingolipid lactosyl ceremide ([@B74]). Once believed to be relatively immobile structures engaged in transendothelial transport of blood-borne molecules ([@B75]), studies using caveolin-1-GFP showed that there are at least three distinct types of caveolae traffic ([@B52]). Type I caveolae detach from the membrane to form cavicles (caveolin-coated vesicles) that travel on microtubules deep into the cell interior. Cavicles may carry cargo to special endosomes that are pH neutral called caveosomes ([@B61]), but they may also deliver molecules to other destinations. Type II caveolae, which are the most numerous type in tissue culture cells, appear to be in equilibrium between individual and multicaveolar assemblies at the cell surface. The individual caveolae in total internal reflection fluorescence images appear to undergo short-range fission and fusion interactions, whereas the larger, multicaveolar assemblies remain open to the extracellular space ([@B63]). Recent studies extended these findings and suggest that 85% of the caveolae are dynamic over a period of 10 min ([@B8]). Actin controls much of this type II traffic. Localized dissolution of the actin cytoskeleton seems to be required for the switch from the plasma membrane--localized dynamics of caveolae to a committed internalization step that is microtubule dependent. The final type of caveolar traffic (type III) involves formation of long, caveolin-1--positive, highly dynamic tubules that extend deep into the cell interior. No function has been identified for these tubules, although their formation appears to be stimulated by Shiga toxin ([@B29]). Recent studies suggest that both Rab8 and PTRF/cavin1 are important in regulating their formation ([@B82]).

Cholesterol is central to both the structure and function of caveolae. Studies with a photoactivatable form of cholesterol showed that caveolin is a major cholesterol-interacting protein ([@B80]). Moreover, cholesterol is considerably more abundant in caveolae than in the surrounding plasma membrane ([@B75]), suggesting that caveolae have a special capacity to sequester large amounts of cholesterol. When cholesterol is depleted from cells, caveolae that are visible as flask-shaped invaginations by electron microscopy (EM) collapse into the plane of the membrane ([@B72]), and caveolin is free to diffuse away. Normally single caveolae do not readily exchange subunits but remain as intact entities on the cell surface. Only when cholesterol is depleted does exchange of individual caveolin molecules between caveolae occur ([@B79]). The biogenesis of caveolae in the Golgi apparatus also requires cholesterol ([@B55]), and cholesterol levels modulate caveolin trafficking through this organelle to the cell surface ([@B67]). Cholesterol depletion has been used extensively as an inhibitor of caveolin/caveolae function (for reviews see [@B88]; [@B59]; [@B14]; [@B57]). Caveolin-1 binds both cholesterol ([@B53]) and long-chain unsaturated fatty acids ([@B81]), which raises the possibility that caveolin-1 is part of a cholesterol/fatty acid supply system. Indeed, there is mounting evidence for a requirement for caveolin in regulating cholesterol homeostasis and in intracellular cholesterol trafficking ([@B34]; [@B47]; [@B25]). How caveolin with its prominent hydrophobic characteristics ferries cholesterol through the hydrophilic environment of the cytoplasm and delivers it to its final destination is not known.

Here we describe a new behavior of caveolin-1, one that might be related to its role in cholesterol transport or homeostasis. We show that when cells are serum starved caveolin-1 accumulates on the cytoplasmic surface of the membranes that surround late endosomes and lysosomes (LE/lysosomes). Caveolin-1 also accumulates on LE/lysosome membranes when cholesterol homeostasis is perturbed either by low concentrations of cyclodextrin or when the egress of lysosomal cholesterol is blocked using progesterone or U18666A ([@B11]; [@B12]). A recent article suggested that caveolin translocates to lysosomes primarily to be degraded ([@B31]). Although this is undoubtedly true when tagged caveolins are transiently overexpressed or, as [@B32] reported, when PTRF/cavin1 is knocked down and caveolin enters the cell via the bulk endocytic pathway, this is not the case here. We show that neither serum starvation nor U18666A changes the turnover rate of endogenous caveolin or caveolin-1--green fluorescent protein (GFP) that is stably expressed in cells. Cavicles normally shuttle between membranes without a loss of domain identity, and when they accumulate on LE/lysosomes after progesterone or U18666A treatment they appear to retain their identity as punctate structures. In contrast, when lysosomal pH is high the caveolin that is associated with LE/lysosomes is evenly distributed over the membrane surface, suggesting that the structure of the cavicle/caveolae is significantly different. In addition, when the association of caveolin-1 with LE/lysosomes is reversed after serum starvation caveolin-1 leaves by a process that appears not to involve cavicles and is not inhibited by genistein, whereas this inhibitor blocks trafficking to the LE/lysosome.

RESULTS
=======

Redistribution of caveolin to LE/lysosomes
------------------------------------------

We used a CHO cell line that stably expresses caveolin-1--GFP to study the intracellular trafficking of caveolin. Previously we showed that caveolin-1--GFP behaves like endogenous caveolin and that the trafficking of caveolin requires both the actin cytoskeleton and microtubules ([@B52]). These earlier studies were all done in normal growth medium containing fetal calf serum. Under these conditions, caveolin is primarily located at the plasma membrane, on several internal membrane structures and on cavicles ([Figure 1A](#F1){ref-type="fig"}). In contrast, when cells are treated overnight in the absence of serum, caveolin-1 colocalizes with LysoTracker-positive vesicles ([Figure 1, D and E](#F1){ref-type="fig"}). LysoTracker is a dye that accumulates in the LE/lysosomes in live cells ([Figure 1, B and E](#F1){ref-type="fig"}; [@B43]; [@B50]; [@B41]). Quantification of the fluorescence on these structures demonstrated that 15.7 ± 2% (SEM) (see *Materials and Methods*) of the total caveolin is redistributed to LE/lysosomes, indicating that significant amounts of caveolin-1 are still associated with the plasma membrane (arrowheads in [Figure 1G](#F1){ref-type="fig"}). The LysoTracker- and caveolin-positive structures generally cluster in the perinuclear area of the cell and display both saltatory movements and rapid translocation throughout the cell ([Figure 1G](#F1){ref-type="fig"} and Supplemental Video S1). Live-cell imaging shows that LysoTracker and caveolin-1--GFP move together, providing strong evidence that they are on the same structure ([Figure 1H](#F1){ref-type="fig"} and Supplemental Video S2). Caveolin-1 is not associated with LysoTracker positive--vesicles in control cells ([Figure 1, B and C](#F1){ref-type="fig"}). Moreover, caveolin-1--positive vesicles move independently of LysoTracker-positive vesicles in cells maintained in growth medium ([Figure 1I](#F1){ref-type="fig"} and Supplemental Video S3). Similar results were obtained using fluorescently tagged dextrans to visualize LE/lysosomes.

![Caveolin is translocated to LE/lysosomes in starved cells. CHO cells stably transfected with caveolin-1--GFP were plated onto glass-bottomed dishes in growth medium 2 d before the cells were to be imaged. The next day the medium was replaced with either fresh growth medium (A--C, I) or serum-free medium (D--H) for 16 h. Before imaging the cells were labeled with 50 nM LysoTracker for 30 min. In growth medium caveolin is not associated with the LE/lysosomal compartments (A--C). However, caveolin redistributes to preexisting LE/lysosomal structures when cells are starved (D--F). Some caveolin remains at the plasma membrane in starved cells (G, arrowheads). Greater than 95% of the cells show this redistribution, and the experiment was repeated more than 20 times. LE/lysosomes positive for caveolin-1--GFP in starved cells showed both localized and long-range movements (G, and Supplemental Video S1). Supplemental Video S2 (H) shows that structures labeled with LysoTracker (red) were labeled with caveolin-1-GFP (green) and moved together. In control cells (I), LysoTracker-labeled structures moved independently of caveolin-1-GFP labeled structures (see Supplemental Video S3). Scale bar, A--G, I, 10 μm; H, 5 μm.](864fig1){#F1}

To confirm that caveolin-1--GFP was associated with LE/lysosomes in serum-starved cells, we used EM immunogold labeling. [Figure 2A](#F2){ref-type="fig"} shows that serum-deprived cells contain LE/lysosomes (Ly) that are extensively labeled with an anti-GFP immunoglobulin G (IgG; 10-nm gold). We quantified the gold labeling on 50 LE/lysosomes from either control cells maintained in growth medium (growth, [Figure 2B](#F2){ref-type="fig"}) or cells grown overnight in serum-free media (starve). As shown in the bar graph, we found 430 gold particles associated with LE/lysosomes in serum-starved cells but only nine gold particles on the same number of LE/lysosomes in control cells. Besides demonstrating that caveolin-1--GFP is present on LE/lysosomes, the labeling pattern suggested that the caveolin-1--GFP is primarily on the external surface of the LE/lysosome and does not enter the lumen, where it might be degraded. Of the 430 gold particles found on LE/lysosomes in starved cells, 369 were within 20 nm of the outer surface, suggesting that caveolin-1--GFP decorates the limiting membrane of LE/lysosomes.

![Electron microscopy confirmed that both endogenous and caveolin-1--GFP are recruited to LE/lysosomes upon serum starvation. Stably transfected CHO cells grown in growth medium or serum starved overnight were fixed as described in *Materials and Methods*. (A) Starved cells were labeled with an anti-GFP antibody. Caveolin labeling is localized primarily to the limiting membrane of the lysosome (Ly). The bar graph represents the number of gold particles that were associated with 50 lysosomes from either control or cells that were starved overnight. (C--E) Untransfected CHO K1 cells were maintained in growth medium (C, D) or starved overnight (E) before fixing and processing for immunogold labeling with a polyclonal anti-caveolin antibody. In growth medium caveolin is located at the plasma membrane in caveolae (C, circles with arrows; D, arrows) with no apparent labeling of lysosomes. (E) In serum-free medium endogenous caveolin also shows a dramatic redistribution to and colocalization with LE/lysosomes (arrows). Scale bar, 0.2 μm. Quantification of the gold label shows a decrease in caveolae at the PM and an increase of caveolin on the LE/lysosomal membrane in both the stable cell line expressing caveolin-1-GFP and untransfected CHO cells (Table 1; see Supplemental Table 1 for details).](864fig2){#F2}

Importantly, endogenous caveolin also became associated with LE/lysosomes in response to serum deprivation using anti--caveolin-1 IgG and immuno-EM ([Figure 2, C--E](#F2){ref-type="fig"}). Caveolin-1 has a normal distribution in CHO cells maintained in growth medium, and is primarily located at the plasma membrane in caveolae, with no apparent labeling of lysosomes ([Figure 2, C and D](#F2){ref-type="fig"}). After serum starvation, however, large, single-membrane bound structures with the typical morphology of LE/lysosomes became decorated with endogenous caveolin-1 ([Figure 2E](#F2){ref-type="fig"}). The number of gold particles associated with caveolae, plasma membrane (PM), and lysosomes is quantified in the table ([Figure 2](#F2){ref-type="fig"}). In serum-starved cells there was an increase in the number of gold particles associated with LE/lysosomes and a concomitant decrease in the number of gold particles associated with caveolae both in the stable cell line and when we examined endogenous caveolin in untransfected cells. EM analyses show that there are no obvious ultrastructural differences between cells that are maintained in growth medium or those incubated in serum-free medium overnight (Supplemental Figure S1, A--D) and that serum starvation does not induce autophagy (Supplemental Figure S1E). Both the EM and the LysoTracker studies showed that there were no significant differences in either the size or number of lysosome-like structures between the serum-starved cells and the cells maintained in growth medium ([Figure 1](#F1){ref-type="fig"}, compare B and E). There are also no obvious differences between the cells stably expressing caveolin-1--GFP and the parental CHO cell line (Supplemental Figure S1, compare A and C with B and D). These data establish that endogenous caveolin traffics to lysosomes when cells are starved and that our observations in transfected cells are not an artifact of the exogenous expression of caveolin-1--GFP.

To test whether the caveolin-1 redistribution to LE/lysosomes was a general property of caveolin behavior, we examined caveolin trafficking in other cell types, including SV589 fibroblasts. Lysosomal membrane--associated protein-1 (LAMP-1) is a type 1 transmembrane glycoprotein that is a well-accepted LE/lysosome membrane marker ([@B13]; [@B69]). Using antibodies to human LAMP-1, we were able to confirm that the structures labeled in live cells with caveolin were LE/lysosomes. Supplemental Figure S2 shows the colocalization of caveolin-1--GFP with LAMP-1--labeled structures when cells are serum starved (D--F) and no labeling of these structures by caveolin-1 when cells are maintained in growth medium (A--C). In fixed cells it is apparent that LAMP-1 is localized on the surface of the LE/lysosomes and that caveolin-1 has a similar distribution and is localized at the LE/lysosomal outer membrane (arrows in Supplemental Figure S2, D and E). This provides further evidence that caveolin-1 is not in the lumen of the lysosome. Endogenous caveolin behaves similarly, and Supplemental Figure S2, G--I, shows the colocalization of endogenous caveolin detected with a polyclonal anti-caveolin antibody and LAMP-1.

Raising the intralysosomal pH traps caveolin at LE/lysosomes
------------------------------------------------------------

How does starvation trigger the accumulation of caveolin on the lysosome? Because pH is a key mediator of lysosome function, we tested whether serum starvation altered the intralysosomal pH, using ratiometric fluorescence microscopy. To measure the pH of individual lysosomes in serum-starved and control cells, we loaded lysosomes with fluorescently labeled dextrans by endocytosis ([@B5]). We used two different methods to determine the pH of the dextran containing organelles. In the first method we used both fluorescein isothiocyanate--dextran (FITC-dex; pKa = 6.4) and Oregon green dextran (OG-dex; pKa = 5.0). When these probes are excited at 440 nm the fluorescence is pH independent, whereas the fluorescence of both probes at 488-nm excitation changes as a function of pH. Because the pKa values of the two fluorophores are different, combining the two dyes allows measurement of pH across the physiological range ([@B17]). The second method used a dextran that was coupled to both FITC and rhodamine (FITC/RH-dex). FITC fluorescence decreases at acidic pH, whereas rhodamine fluorescence is pH independent. Therefore the ratio of FITC/rhodamine fluorescence intensity is pH dependent ([@B45]). The pH of the LE/lysosomal compartments was determined from the ratios measured by comparison with a standard curve (Supplemental Figure S3A), where lysosomal pH was fixed by the proton ionophores nigericin and valinomycin.

The fluorescence intensity ratios from ∼3000--4000 LE/lysosomes were measured in each experiment in CHO cells loaded with fluorescent dextrans and maintained either in growth medium or serum-free medium. The mean pH of the LE/lysosomes of cells labeled with OG-dex/FITC-dex and maintained in growth medium from two separate experiments was 5.4 ± 0.2. Starvation shifted the mean lysosomal pH upward by more than one unit, to 6.6 ± 0.3. Similar results were obtained using cells labeled with FITC/RH-dex: the apparent lysosomal pH shifted from 4.8 ± 0.3 in cells maintained in growth medium to 5.9 ± 0.4 in serum-starved cells ([Figure 3A](#F3){ref-type="fig"}).

![The intralysosomal pH is increased in starved cells, and drugs that increase the pH of lysosomes redistribute caveolin to LE/lysosomes. (A) CHO K1 cells were loaded with a 70,000--molecular weight dextran double labeled with FITC and rhodamine at 1 mg/ml in either growth or serum-free medium and chased for 2.5 h to accumulate the dextran in LE/lysosomes. LE/lysosomal pH was determined as described in *Materials and Methods*. The mean pH of LE/lysosomes in control cells was 4.8, whereas the mean pH of the LE/lysosomes in cells that were serum starved was shifted higher to 5.9. (B--E) CHO cells stably expressing caveolin-1--GFP were treated with the ionophore monensin (25 μM) and imaged by time-lapse confocal microscopy. Within minutes caveolin began to accumulate on vesicular structures, and by 20 min this compartment was clearly labeled with caveolin-1--GFP. (B) A total of 94% of the cells showed this redistribution, and this experiment was performed at least eight times. (C) By 60--90 min of treatment with monensin the structures become large and distended, and caveolin-1--GFP remained associated with these large structures. (D, E) Cells were preloaded with 0.3 mg/ml of Alexa 595--dextran for 1 h and chased for 1 h before being treated with monensin for an additional hour. The extensive colabeling of the structures by both caveolin-1--GFP and the fluorescently tagged dextran demonstrates that these structures are LE/lysosomes (arrows). (F) CHO cells were treated with 100 nM bafilomycin and imaged by time-lapse microscopy. Again caveolin-1--GFP redistributes to LE/lysosomal compartments within 10--20 min in the presence of the drug. (G--I) SV589 human fibroblasts transfected with caveolin-1--GFP for 24 h were treated with 100 nM bafilomycin for 30 min, fixed, and labeled with an anti LAMP-1 antibody. The arrows indicate caveolin-1--GFP on LAMP-1--positive structures, establishing that these structures are LE/lysosomes. At least 95% of the cells showed this redistribution, and the experiment was performed three times with CHO cells and twice with SV589 cells. Scale bars, 10 μm.](864fig3){#F3}

Because serum starvation increased the pH of the lysosome, we tested whether other reagents that increase the pH of acidic organelles could cause the redistribution of caveolin-1 to LE/lysosomes. When CHO cells stably expressing caveolin-1-GFP were treated with the ionophore monensin ([@B46]; [@B87]), caveolin-1 rapidly translocated to a compartment resembling the one observed in serum-starved cells ([Figure 3B](#F3){ref-type="fig"}). Within minutes, caveolin-1 began to accumulate on vesicles in the cytoplasm of the cell, and these compartments were strongly labeled by 10--20 min ([Figure 3C](#F3){ref-type="fig"}). As in starved cells, only a subset of the caveolin-1--GFP is recruited to these vesicles, and caveolin-1--GFP also remains associated with the cell surface. To show that these structures were LE/lysosomes, we loaded lysosomes of CHO cells with Alexa 595--labeled dextran and then incubated with monensin ([Figure 3D and E](#F3){ref-type="fig"}). Caveolin-1 colocalized with Alex 595--dextran, suggesting that caveolin-1 translocates to LE/lysosomes when the pH of the LE/lysosomal lumen is elevated.

To confirm this, we used bafilomycin A1, an inhibitor of the vacuolar proton pump, to raise the intralysosomal pH ([@B89]; [@B5]; [@B17]). When cells were treated with 100 nM bafilomycin, caveolin-1--GFP rapidly translocated to LE/lysosomes ([Figure 3F](#F3){ref-type="fig"}). This translocation occurred with the same kinetics observed with monensin treatment (10--20 min). Similar results were observed with both CHO cells and the fibroblast cell line SV589. The identity of the compartments in SV589 cells as LE/lysosomes was confirmed by transfecting these cells with caveolin-1--GFP, incubating the cells in the presence of bafilomycin, and staining the cells with anti--LAMP-1 IgG ([Figure 3, G--I](#F3){ref-type="fig"}). As with CHO cells, caveolin-1--GFP accumulated on vesicles that were LAMP-1 positive only when cells were serum starved. Fluorescence ratiometric measurements showed that bafilomycin treatment raised the pH of LE/lysosomes to 7.0, which is consistent with previous reports. These results indicate that dissipation of the lysosomal pH causes rapid redistribution of caveolin-1 to LE/lysosomes.

One trivial explanation for our results both in serum-starved and monensin- or bafilomycin-treated cells would be that the caveolin-1--GFP is already located in the LE/lysosomes but the GFP signal is quenched by the low lysosomal pH ([@B58]). To show that this was not occurring, we took advantage of the fact that we could clamp the pH of cells, as we did to generate the pH curves used to measure lysosomal pH, and look at the effect of pH on caveolin-1--GFP in situ (see *Materials and Methods*). In control cells there was no sudden appearance of a GFP signal in LE/lysosomes at any pH between 4 and 7. Conversely, when serum-starved cells were clamped at low pH (5.5) or high pH (7.5) the total signal was reduced at pH 5.5 but was still clearly visible (Supplemental Figure S3B).

The association of caveolin with LE/lysosomes is reversible, and caveolin is not degraded
-----------------------------------------------------------------------------------------

Further evidence that this is a bona fide pathway for caveolin trafficking is the observation that the association of caveolin with LE/lysosomes is rapidly reversible. Starved CHO cells stably expressing caveolin-1--GFP were imaged by time-lapse microscopy after the addition of growth medium. The caveolin-1--GFP associated with LE/lysosomes began to disappear within minutes and was essentially gone by 15 min ([Figure 4A](#F4){ref-type="fig"} and Supplemental Video S4). The total fluorescence did not change, indicating that there was no significant photobleaching. To examine this rapid reversal further, we used a DeltaVision deconvolution microscope with point visiting capability to determine where caveolin-1 went after leaving LE/lysosomes. Stably transfected CHO cells were starved overnight, and at the start of the experiment 10 random fields were selected and a through-focus z-stack was taken of each area. The starvation medium was then replaced with fresh growth medium, the same 10 fields were revisited, and a second stack of images was taken. In all fields, caveolin-1--GFP was no longer associated with LE/lysosomal structures after 15 min in growth medium ([Figure 4](#F4){ref-type="fig"}, compare B and C). We showed that at least some of the caveolin was translocated to the plasma membrane by quantifying the amount of caveolin along one edge of the cell (arrowheads). In the example shown, both the total intensity of GFP fluorescence and the density of GFP puncta were increased after 15 min in growth medium ([Figure 4D](#F4){ref-type="fig"}, compare top and bottom graphs), whereas fluorescence on the lysosomes disappeared nearly completely. By quantifying all 10 fields we determined that the mean fluorescence intensity on the plasma membrane was increased by 43 ± 4% (SEM) after reversal (see *Materials and Methods*).

![Caveolin association with LE/lysosomes is rapidly reversed upon addition of growth medium, with a concomitant increase in plasma membrane labeling. Stably transfected CHO cells were serum starved overnight. (A) At time zero the starvation medium was replaced with warm growth medium, and the cells were imaged every 5 min by time-lapse confocal microscopy. The total GFP fluorescence was measured over the areas that contained LE/lysosomes and from the entire area at each time point and plotted on the graph. Caveolin-1--GFP dissociated from the LE/lysosomes within minutes and reverted to its normal distribution by 15--20 min (see also Supplemental Video S4). (B, C) At the start of the experiment a stack was taken from 10 areas using a DeltaVision deconvolution microscope. The starvation medium was replaced with fresh growth medium, and after 15 min the same 10 fields were revisited. A representative image of a cell before and after reversal shows that caveolin-1--GFP is no longer associated with LE/lysosomes. At least some of the caveolin relocated to the plasma membrane as shown in the graphs. (D) A plot profile was generated from the edge of the cell (arrowheads) and demonstrated there was a dramatic increase in the number of peaks after reversal measured in arbitrary fluorescence units (gray value). (E) Stably transfected cells were labeled with 50 nM LysoTracker for 30 min, and colocalization between caveolin-1--GFP and LE/lysosomes was determined as described in *Materials and Methods*. The bar graph shows the Pearson\'s coefficient calculated for each condition and indicates that caveolin is only colocalized with LE/lysosomes in starved cells and is no longer associated after a short incubation with fresh growth medium. We analyzed 13,15, and 21 cells, respectively, for control, starved, and reversed cells.](864fig4){#F4}

To quantify the change in the association of caveolin-1--GFP with lysosomes, we determined the Pearson coefficients for colocalization of GFP and LysoTracker in cells that were maintained in growth medium or serum starved overnight. Representative confocal images of cells labeled with both LysoTracker and caveolin-1--GFP at time zero and 15 min after replacing the starvation medium with growth medium were analyzed. The Pearson correlation coefficients determined for these images showed little or no colocalization between LysoTracker and caveolin-1--GFP in control cells (r = 0.15) and no colocalization in cells where the starvation medium was replaced with growth medium (r = 0.64). As expected, there was a highly significant positive correlation in the serum-starved cells (r = 0.14; [Figure 4E](#F4){ref-type="fig"}).

To confirm that caveolin was not being degraded, we immunoblotted total cellular extracts from control cells, serum-starved cells, or cells that were serum starved and then reversed by being placed in growth medium for 15 min, and we found that the total amount of both endogenous caveolin and caveolin-1--GFP was unchanged ([Figure 5A](#F5){ref-type="fig"}). The turnover of caveolin is known to be slow (days), and so to further establish that our treatments had no effect on the turnover of caveolin-1 we pulse labeled cells with ^35^S-cysteine/methionine and chased in the presence of cold amino acids for up to 28 h. [Figure 5B](#F5){ref-type="fig"} shows that starvation has no effect on the turnover of either endogenous caveolin-1 or caveolin-1--GFP. We conclude that accumulation of caveolin-1-GFP on LE/lysosomes is reversible and that caveolin-1 is not being degraded as a consequence of its localization to LE/lysosomes.

![The degradation rate of caveolin is not altered by either starvation or treatment with U18666A. (A) Laemmli sample buffer was added directly to CHO cells that were maintained in growth medium or starved overnight ± growth medium for 15 min (reverse) to make total cell lysates, and the extracts were analyzed by Western blotting using anti-caveolin antibodies. Neither caveolin-1--GFP nor endogenous caveolin was degraded under these conditions. Actin served as a load control. (B) Cells stably expressing caveolin-1--GFP were labeled with ^35^S-Cys/Met in order to look at the turnover rate of both endogenous caveolin and the expressed caveolin-1--GFP as described in *Materials and Methods*. After the 2-h labeling period cells were chased in growth medium for 30 min and then switched to serum-free medium or kept in growth medium with or without U18666A (2.5 μg/ml). The rate of turnover for caveolin-1--GFP was faster than that for the endogenous protein, but neither U18666A nor serum starvation increased the degradation rate compared with control.](864fig5){#F5}

These results contrast with PTRF/cavin1-controlled degradation of caveolin-1. [@B32] showed that caveolin is degraded by lysosomes when PTRF/cavin1 was knocked down, which is consistent with the findings in PTRF-negative mice, which also have little or no caveolin ([@B44]). The authors suggested that PTRF knockout results in the slow degradation of caveolin because PTRF is required to stabilize caveolin on the cell surface. Without it, caveolin-1 enters cells via the bulk endocytic pathway and is translocated to the lumen of the lysosomes just like other bulk markers such as dextran and receptors destined for degradation. To determine whether PTRF plays a role in the translocation of caveolin-1 to LE/lysosomes, we immunoblotted extracts from cells that were maintained in growth medium or starved overnight for both PTRF and caveolin and found no decrease in the levels of either protein (Supplemental Figure S4A). More important, when we coexpressed tagged versions of caveolin-1 and PTRF, we found that the two proteins colocalized at the plasma membrane in cells maintained in growth medium; however, when cells were starved, caveolin-1--GFP translocated to the LE/lysosomes, but PTRF remained at the cell surface in puncta that also contained caveolin-1 (Supplemental Figure S4B). These data demonstrate that the starvation-induced translocation of caveolin to LE/lysosomes is distinct from the PTRF-dependent degradation pathway.

Role of cholesterol in caveolin-1--GFP recruitment to LE/lysosome membranes
---------------------------------------------------------------------------

Both serum starvation and elevated lysosomal pH reduce the availability of cholesterol in LE/lysosomes for transport to other cellular compartments ([@B10]; [@B27]). A third condition that interferes with the transport of cholesterol out of LE/lysosomes is exposure of cells to either progesterone ([@B48]; [@B11]) or U18666A ([@B12]). U18666A and progesterone both block the exit of cholesterol from lysosomes, although their mechanism of action is not known. CHO cells stably expressing caveolin-1--GFP were pretreated with either progesterone ([Figure 6, A--C](#F6){ref-type="fig"}) or U18666A ([Figure 6, D--F](#F6){ref-type="fig"}) for 16 h before they were loaded with LysoTracker ([Figure 6, B and E](#F6){ref-type="fig"}) and examined by live-cell microscopy. Both drugs caused a dramatic accumulation of caveolin-1--GFP around LysoTracker-positive compartments (merge in [Figure 6, C and F](#F6){ref-type="fig"}). As expected, these compartments are also positive for filipin, a fluorescent polyene macrolide used to detect free cholesterol in cells ([Figure 6, G--I](#F6){ref-type="fig"}). As with serum-starved cells, the immunofluorescence images show that caveolin is on the limiting membrane of the LE/lysosomes and not in the lumen ([Figure 6, A, D, and H](#F6){ref-type="fig"}). More important, we showed that treatment with U18666A had no effect on the turnover of either endogenous caveolin-1 or caveolin-1--GFP ([Figure 5B](#F5){ref-type="fig"}), proving that caveolin was not being shunted into the degradation pathway.

![Caveolin redistributes to LE/lysosomes when cholesterol egress is blocked by progesterone or the drug U18666A. Stably transfected CHO cells were treated with either 10 μg/ml progesterone (A--C) or 2.5 μg/ml U18666A (D--F) overnight before labeling with 50 nM LysoTracker for 30 min and visualizing by live-cell microscopy. Caveolin-1--GFP redistributed to LE/lysosomes after each of these treatments. Ninety-six percent of the cells showed this redistribution, and the experiments were repeated \>10 times. The structure of the caveolin appears to be somewhat different from that observed after starvation since rings are clearly visible and cavicles can be seen associated with these structures (see inset and Supplemental Videos S5 and S6). (G--I) Both progesterone and U18666A cause the accumulation of free cholesterol in LE/lysosomes. Cells treated with progesterone were fixed and stained with 50 μg/ml filipin before mounting and imaging. Filipin-stained LE/lysosomes that have accumulated cholesterol, and caveolin-1--GFP is clearly associated with the periphery of these filipin-stained structures (arrows).](864fig6){#F6}

We obtained additional evidence that cholesterol is important in the redistribution of caveolin-1-GFP to LE/lysosomes by treating cells with methyl-β-cyclodextrin (MβCD). Cyclodextrins have been extensively used to deplete cells of cholesterol ([@B68]; [@B73]; [@B54]; [@B39]). When our stable cell line was treated with low concentrations (0.1--0.3%) of MβCD overnight, caveolin-1--GFP again accumulated at the limiting membrane of LE/lysosomes ([Figure 7, A--C](#F7){ref-type="fig"}). In general, higher concentrations of cyclodextrin are used to rapidly deplete cholesterol, but we found that at those concentrations (1% MβCD) the caveolin-1--GFP signal becomes diffusely distributed in the plasma membrane within 20--30 min, and caveolin-1-GFP is not associated with LE/lysosomes ([Figure 7, D--F](#F7){ref-type="fig"}). In addition, cells do not survive overnight treatment with these higher concentrations of MβCD, whereas cells are relatively unaffected by the lower concentrations.

![Caveolin redistributes to LE/lysosomes when cellular cholesterol is perturbed by low concentrations of MβCD. CHO cells stably transfected with caveolin-1--GFP were plated onto glass-bottomed dishes in growth medium 2 d before the cells experiment. One day before, cells were labeled with 0.15 mg/ml dextran in growth medium ± 0.3% MβCD for 16 h and chased for 4 h in fresh growth medium ± 0.3% MβCD (A--C). Cells that had been loaded with dextran overnight were treated with 1% MβCD for 30 min before imaging (D--F). At least 94% of the cells showed this pattern of redistribution, and the experiment with low concentrations of cyclodextrin was repeated 4 times and the ones with high concentrations 12 times. Scale bars, 10 μm.](864fig7){#F7}

Although the caveolin-1-GFP positive rim around each vesicle was similar to what we observed with serum starvation and elevated pH, there was one notable difference. In contrast to starved cells, cavicles appeared to be docked on LysoTracker- or dextran-positive LE/lysosomes in both progesterone- and U18666A-treated cells and in cells treated with MβCD ([Figures 6, A and D](#F6){ref-type="fig"}, and [7A](#F7){ref-type="fig"}). This is much more apparent in the videos (see Supplemental Videos S5--S7) and suggests that cavicles may be involved in delivering and retrieving caveolin-1--GFP from LE/lysosomes under these conditions. In starved cells caveolin appeared more uniformly distributed around the limiting membrane of the LE/lysosome, and there was little evidence of cavicles docked at the lysosome periphery (compare Supplemental Video S1 with Supplemental Videos S5--S7). Taken together, these experiments suggest that altering the cholesterol availability at the LE/lysosome causes caveolin-1 to associate with or be trapped on the cytoplasmic surface of this organelle.

Finally, we determined whether free cholesterol accumulates in LE/lysosomes in starved cells. In cells maintained in growth medium, filipin stains the plasma membrane, but there is little staining of any internal cellular organelles. A similar staining pattern was seen in starved cells, indicating that there is no dramatic change in the localization of free cholesterol in the lysosomes of starved cells (Supplemental Figure S5, A and C). As expected, exposure to either progesterone or U18666A showed marked filipin staining of the LE/lysosomal compartment (Supplemental Figure S5, B and D). It is not surprising that free cholesterol does not accumulate in LE/lysosomes in starved cells since the lysosomal acid lipase that cleaves cholesterol ester to free cholesterol shows maximal hydrolysis at pH 4.4, and hydrolysis is negligible when the pH is raised to 6.0 ([@B38]). We also determined that neither progesterone nor U18666A shifted the pH of the LE/lysosomes significantly from that of control cells (data not shown).

Genistein blocks arrival of caveolin-1 at LE/lysosomes but not reversal
-----------------------------------------------------------------------

When caveolin-1-GFP is stably expressed in cells we routinely find internal structures that contain caveolin and appear to have cavicles attached at their rims. These structures do not colocalize with any markers for the Golgi or the endoplasmic reticulum (ER). A number of articles ([@B65]; [@B18]; [@B36]) described these structures and called them caveosomes, although their existence has recently been called into question ([@B31]). As has been reported, these are neutral compartments and do not label with either LysoTracker or dextran, indicating that they are not LE/lysosomes. [Figure 8](#F8){ref-type="fig"}, A--C, shows still images taken from Supplemental Video S3 to demonstrate that these structures are not labeled with LysoTracker (arrows). Cavicle delivery to and budding from these caveosomes is readily detected, and we had no difficulty imaging cavicles budding from these structures in cells (arrow in [Figure 8D](#F8){ref-type="fig"}; Supplemental Video S8).

![Visualization of caveosomes, cavicles, and caveolin-1--GFP trafficking in live cells. The trafficking of caveolin was visualized in CHO cells stably expressing caveolin-1--GFP and labeled with 50 nM LysoTracker for 30 min using time-lapse microscopy. These are selected frames from Supplemental Video S3 showing that caveosomes are not labeled by LysoTracker (A--C, arrows). (D) Frames from Supplemental Video S8 showing a cavicle (arrow) leaving a putative caveosome. Although cavicle trafficking to and from caveosomes was readily observed, we could not detect cavicles leaving the LE/lysosomes when the accumulation of caveolin on LE/lysosomes was reversed by the addition of growth medium. (E) Starved cells were analyzed by FRAP to determine whether the caveolin was cycling on and off of LE/lysosomes. After bleaching a small area of the cell (box) there was no recovery of the fluorescence up to 7.5 min after the bleach (Supplemental Video S9). This experiment was repeated twice. Scale bar, A--C, 5 μm; D, 2 μm; E, 10 μm.](864fig8){#F8}

Therefore, if cavicles were involved in the disappearance of caveolin-1--GFP from the LE/lysosome during reversal after serum starvation, we would expect to detect cavicle budding from LE/lysosomes. This was not the case (Supplemental Video S4). We used fluorescence recovery after photobleaching (FRAP; [Figure 8E](#F8){ref-type="fig"} and Supplemental Video S9) to see whether we could detect the delivery of caveolin-1--GFP to LE/lysosomes in serum-starved cells. CHO cells were incubated in the absence of serum in order to accumulate caveolin-1--GFP on LE/lysosomes. An area of the cell where caveolin-1-GFP--positive LE/lysosomes were concentrated was bleached ([Figure 8E](#F8){ref-type="fig"}, 0 min) by a short exposure to high-intensity laser light and monitored for recovery of the fluorescence intensity over time. No recovery occurred by 7.5 min ([Figure 8E](#F8){ref-type="fig"}, 7.5 min). In fact, even with longer incubation times of up to 1 h, we did not see any recovery. This indicates that in serum-starved cells caveolin is not cycling on and off of the LE/lysosomal membrane. This contrasts with our previously published studies, in which we observed recovery within 5 min after bleaching areas of the cell that accumulate caveosomes ([@B52]). These experiments suggest that caveolin-1--GFP transport away from LE/lysosome may not involve cavicles and that caveolin is trapped on the LE/lysosome when cells are starved of serum.

Genistein has been used to block or at least slow the budding of caveolae/cavicles from the plasma membrane ([@B74]; [@B18]; [@B15]). We examined the effect of pretreatment with this inhibitor for 30--60 min before reversing by the addition of growth medium and found that genistein did not block reversal (data not shown). To determine whether genistein blocks trafficking of caveolin to LE/lysosomes we preincubated cells for 30 min with 50 μM genistein and then added monensin for 1 h. Monensin induced the redistribution of caveolin to the LE/lysosome, and genistein blocked this redistribution ([Figure 9, A--C](#F9){ref-type="fig"} compared with D--F). Genistein also blocked the redistribution of caveolin to LE/lysosomes induced by U18666A ([Figure 9, G and H](#F9){ref-type="fig"}). These observations indicate that caveolin traffics to LE/lysosomes by a tyrosine kinase--dependant process but that caveolin returns from LE/lysosomes by a different mechanism.

![Genistein blocks the redistribution of caveolin to LE/lysosomes. CHO cells stably expressing caveolin-1--GFP were pretreated with 50 μM genistein for 30 min (D--F) or not (A--C) and then treated for an additional 1 h with 25 μM monensin to determine whether genistein could block the redistribution of caveolin to LE/lysosomes (images are single confocal slices). (G, H) Cells were either treated with 50 μM of genistein for 30 min or not, as indicated, before adding 2.5 μg/ml U18666A overnight and were visualized by live-cell confocal microscopy. Images are maximum-intensity projections of the cells and show that genistein blocked the redistribution of caveolin to LE/lysosomes. We found no cells that showed redistribution in the presence of genistein. This experiment was repeated three times. Scale bars, 10 μm.](864fig9){#F9}

DISCUSSION
==========

Caveolin-1 is a coat protein of caveolae. Whereas caveolin-1 plays a role in caveolae endocytosis ([@B39]; [@B76]), several studies suggest that caveolin-1 also plays a key role in intracellular cholesterol trafficking and homeostasis. First, a number of studies have shown that caveolin is involved in the efflux of free cholesterol from cells ([@B24]; [@B23]; [@B77]; [@B26]). Second, a truncation mutation of caveolin acts as a dominant negative to induce a cholesterol trafficking defect that results in the depletion of cholesterol from the plasma membrane ([@B73]; [@B66]). Third, caveolin is required to maintain normal free cholesterol levels in lipid droplets of adipocytes, and this requires endocytosis of caveolae ([@B40]). Fourth, in the absence of caveolin, free cholesterol appears to accumulate in mitochondrial membranes, which results in mitochondrial dysfunction and defects in metabolism ([@B7]). Our discovery that caveolin-1 can reversibly collect on the cytoplasmic surface of LE/lysosomes in response to perturbations that impair cholesterol efflux from LE/lysosomes provides the first evidence that caveolin may participate in cholesterol traffic from lysosomes.

We speculate that caveolin-1 normally traffics to and from LE/lysosomes but is not detected owing to the short time it spends there. This fits well with the evidence that caveolin-1 is involved in intracellular cholesterol transport, since LE/lysosomes are a source of lipoprotein-derived cholesterol ([@B10]). The conditions that cause caveolin-1 accumulation are ones that interfere with the availability of LE/lysosome cholesterol to interact with caveolin-1. Serum starvation depletes the LE/lysosome of a source of cholesterol and increases the pH of the lysosomes. Elevated pH disrupts the function of NPC2 ([@B16]; [@B3]), which is an intermediate in the transfer of lysosomal cholesterol out of the LE/lysosome ([@B42]; [@B35]). Progesterone and U18666A prevent exit of cholesterol from lysosomes by an unknown mechanism, and cholesterol is most likely inaccessible to caveolin-1 under these conditions as well. There has been frequent speculation that progesterone and U18666A mimic the phenotype of Niemann--Pick type C disease, and there is evidence that the action of U18666A is dependent on NPC1 and NPC2. However, the ability of U18666A to cause cholesterol accumulation in LE/lysosome is not stereospecific, suggesting that its mechanism of action involves a general change in the physical properties of the membrane lipid bilayer rather than binding to a specific protein ([@B12]). Thus, caveolin-1 may accumulate on LE/lysosomes under these conditions because cholesterol is not accessible or cannot be extracted owing to the altered physical properties of the lipid bilayer surrounding the LE/lysosome. Cyclodextrin at high concentrations rapidly removes cholesterol from the plasma membrane and does not result in the accumulation of caveolin on LE/lysosomes presumably because it stops caveolin trafficking completely. Interestingly, used at lower concentrations that have been shown to mobilize cholesterol from the lysosomes of NPC1- and NPC2-defective cells ([@B1]; [@B70]), caveolin-1 accumulated at the limiting membrane of LE/lysosomes. One possibility is that cholesterol homeostasis is perturbed, and this slows the trafficking of caveolin through the intramembrane system and it accumulates at one of its way stations. It is not known how cyclodextrins mobilize cholesterol from LE/lysosomes, but perhaps caveolin is involved.

Live-cell imaging suggests that caveolin-1 is transported to cholesterol-starved LE/lysosomes by both vesicular and nonvesicular mechanisms. Vesicular transport may be mediated by cavicles like those we observe budding from caveosomes ([Figure 8A](#F8){ref-type="fig"}; Supplemental Video S8). Normally these would only transiently interact with LE/lysosomes, but they are trapped there when cholesterol egress is blocked, perhaps by the lack of available cargo. By analogy with LE-to-lysosome fusion ([@B9]) and cavicle trafficking to early endosomes ([@B60]), we propose the interaction involves a kiss-and-run mechanism. We do see transient interactions of lysosomes with cavicles and are developing assays to investigate those interactions. The nonvesicular pathway may involve interorganelle membrane contact sites between LE/lysosomes and other caveolin-rich sites such as the ER, caveosomes, or the plasma membrane. Transient contacts have been implicated in the transfer of phosphatidylserine from the ER to mitochondria ([@B84]), mediated in part by a dynamin-related protein called mitofusion 2 ([@B19]). Intracellular membrane contacts between ER and plasma membrane have also been described ([@B64]), which suggests that this is a common mechanism by which intracellular membrane compartments communicate. The transfer mechanism used by caveolin would be expected to differ from that proposed for these pathways, but caveolin may be uniquely suited to transfer between closely apposed membranes via transient tubules. This is because caveolin inserts exclusively into one leaflet of the lipid bilayer, as evidenced by the fact that caveolin can move in and out of lipid droplets that are attached to the ER, and droplets are surrounded only by a lipid monolayer (unpublished observations; [@B47]). Support for such a mechanism also comes from the apparent ability of caveolin to tubulate membranes ([@B52]; [@B85]; [@B82]).

Although cell surface caveolae have been described for many years, the full extent of the caveolin membrane system was only recently discovered ([Figure 10](#F10){ref-type="fig"}). It consists of flask-shaped caveolae, tubular caveolae, cavicles (caveolin-coated vesicles that shuttle between compartments), and the caveosome, a novel organelle. The existence of the caveosome has recently been called into question by a study in which caveolins were transiently overexpressed and the exogenous caveolins were found to be degraded in lysosomes ([@B31]). The authors saw similar structures to those we describe here and suggested that these were the caveosomes they originally described in several papers ([@B61], [@B62], [@B60]; [@B18]; [@B79]). [@B31] show nicely that the normal degradation pathway for caveolin is via the LE/lysosome and requires ubiquitination, and degradation is increased by transiently overexpressing caveolins or by knocking down cavin1/PTRF. That is not, however, the explanation for why caveolin associates with LE/lysosomes under our conditions, where cholesterol homeostasis is perturbed. Indeed, we determined by metabolic labeling that neither endogenous caveolin nor the stably expressed caveolin-1-GFP is degraded at any greater rate in control, starved, or U18666A-treated cells. We also showed that the association of caveolin with LE/lysosomes is reversible and redistribution occurs within minutes when the pH of the lysosomes is increased by ionophores or proton pump inhibitors, before there could be any accumulation due to a blockage of degradation. In our hands caveosomes seem to be relatively few in number but are clearly not labeled by either LysoTracker or dextrans as was originally reported. In addition, they coexist with caveolin associated with LE/lysosomes, which are much more numerous, so it remains to be determined whether caveosomes are an artifact or a real entity.

![The caveolin membrane system. At steady state caveolin is located at the plasma membrane in caveolae, in a recently identified intracellular compartment called the caveosome, and on caveolin-coated vesicles (cavicles) that traffic between compartments. Under certain physiological conditions and in specialized cells caveolin can also be found on lipid droplets, on high-density lipoprotein particles that are secreted, and, as we show here, on LE/lysosomes. Newly synthesized caveolin is inserted into the ER, and caveolin then traffics using the conventional secretory pathway through the Golgi to the plasma membrane. At the ER and on lipid droplets caveolin is in the form of monomers or small oligomers, whereas at the plasma membrane and on caveosomes it forms a multimeric coat. The equilibrium between monomers and multimers is most likely controlled by the cholesterol levels in the various membranes. Caveolae are endocytosed from the plasma membrane, and caveosomes may act as a central clearinghouse for the trafficking between compartments, but we are only just beginning to understand this system. The caveolin membrane system communicates with the endosomal membrane system at two points. The first is a pathway from the plasma membrane to the early endosomes, where endocytosed cavicles briefly encounter (kiss and run) early endosomes and seem to exchange some cargos. The second is the one we describe here to the LE/lysosomes, which may also occur via a kiss-and-run mechanism when cells are maintained in growth medium, but when cells are starved or the lysosomal pH is dissipated the interaction appears to result in complete fusion and dissociation of the caveolin into monomers. Blocking egress of cholesterol by drugs, on the other hand, appears to trap intact cavicles on LE/lysosomes.](864fig10){#F10}

At the plasma membrane caveolae are generally distinct morphological entities, and this seems to be the case when caveolae/cavicles dock with some internal membranes as well. All indications are that cholesterol controls the structure of caveolae and that this might regulate the cargo exchange process. Depleting cholesterol causes caveolae to lose their integrity, and under those conditions caveolin is free to diffuse away from its normally stable association with a single caveolae ([@B79]). Our observations with caveolin-1--GFP are when cells are depleted of cholesterol using high concentrations of cyclodextrin; caveolin is no longer clustered in puncta at the cell surface but is evenly dispersed throughout the plasma membrane. It is of interest therefore that when caveolin translocates to the LE/lysosomes under high-pH conditions it has a similarly diffuse appearance and does not remain a discrete entity as it does when it fuses with the caveosome. The most likely explanation for this is that the cholesterol content of these membranes is low and caveolin is no longer able to either form or maintain the oligomers/multimers required to maintain the coat structure. Caveolin has a similar diffuse distribution when it is associated with lipid droplets. Our data are consistent with the idea that caveolin on the LE/endosomes in starved cells is in a monomeric/disassembled state. In contrast, when caveolin accumulates on LE/lysosomes in progesterone- or U18666A-treated cells the integrity of the cavicle is at least partially maintained, which might indicate that there is more cholesterol available on the limiting membrane under these conditions. Interestingly, it was suggested that caveolin in multimeric/caveolar structures has a higher affinity for cholesterol than caveolin monomers ([@B4]). The authors proposed an interesting model that links cholesterol sensing and/or transport with coat assembly and disassembly. Their model proposes a cycle of phosphorylation/dephosphorylation on Ser-80 in the caveolin molecule that would regulate coat assembly, but the model remains to be tested. The diffuse versus punctate pattern we see on LE/lysosomes might reflect whether caveolin is binding or releasing cholesterol.

We cannot be certain the conditions that cause caveolin-1 to accumulate on LE/lysosome membranes have anything to do with intracellular cholesterol transport. However, this new pathway for caveolin-1 trafficking fits well with the numerous data showing that caveolin-1 is involved in delivering cholesterol to various membrane compartments. Obviously caveolin-1 is not the only molecule involved in distributing cholesterol, because cells lacking this protein are viable. Of interest, caveolin-1--null mice have higher cholesterol esterification rates and lower cholesterol synthesis rates than wild-type mice, indicating that they have an imbalance in cholesterol homeostasis ([@B25]). Correct intracellular transport and distribution of cholesterol among cellular membranes is crucial for normal cellular function, and it is well known that there are vesicle-independent, vesicle-dependent, and even energy-independent mechanisms for moving cholesterol from one membrane compartment to another ([@B30]; [@B78]; [@B33]; [@B51]). It is clear from all these studies that intracellular cholesterol transport is a dynamic process that is facilitated but not absolutely dependent on any one of these pathways or proteins. Therefore, one would not expect there to be an absolute requirement for caveolin-1 to transport cholesterol. The challenge for the future is to determine the mechanism underlying caveolin-1 movements to and from different intracellular compartments and the machinery that regulates this process.

MATERIALS AND METHODS
=====================

Cell lines, transfection, and protein labeling
----------------------------------------------

The stably transfected CHO cell line used in these experiments was characterized and described previously ([@B52]). Cells were grown in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf serum (FCS) and 40 μg/ml proline in a humidified CO~2~ (5%) incubator at 37°C. Primary human fibroblasts and SV589, a human fibroblast cell line, were grown as previously described ([@B28]). Starvation of cells was generally done overnight by replacing the growth medium with DMEM containing proline for CHO cells but no FCS. Normal human fibroblasts were starved in DMEM without added FCS. Cells were imaged either 24 or 48 h later. SV589 cells were transfected using FuGENE HD (Roche Diagnostics, Indianapolis, IN). Briefly, 2 μg of DNA was used per 35-mm dish with 6 μl of FuGENE HD following the manufacturer\'s instructions. Cells were imaged 24--48 h after transfection.

To assess protein turnover, the stable cell line was labeled for 2 h with 0.2 mCi/ml of EasyTag EXPRESS^35^S Protein Labeling Mix (PerkinElmer, Waltham, MA) in Cys/Met-free medium (Sigma-Aldrich, St. Louis, MO), chased for 30 min in growth medium, and further chased for the indicated times in growth medium, starvation medium, or growth medium containing 2.5 μg/ml U18666A. At each time point the cells were harvested and solubilized in immunoprecipitation (IP) buffer (25 mM Tris-HCl, pH 7.5, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, 60 mM octylglucoside with protease inhibitors), and caveolin (both endogenous and caveolin-1--GFP) was immunoprecipitated overnight with 2 μg of a polyclonal anti-caveolin antibody (Transduction Labs/BD Biosciences, Franklin Lakes, NJ). Immunoprecipitates were collected using protein A--Sepharose (GE Healthcare, Piscataway, NJ), washed with IP buffer, and separated by SDS--PAGE. The labeled proteins were visualized on a phosphorimager (Typhoon Trio, GE Healthcare), and the bands were quantified using ImageJ (National Institutes of Health, Bethesda, MD).

Live-cell imaging and immunofluorescence microscopy
---------------------------------------------------

Cells for live-cell imaging were grown and maintained in 35-mm glass-bottomed dishes (MatTek, Ashland, MA), and the dishes were placed in a humidified chamber and maintained at 37°C and 5% CO~2~ throughout the experiment. Cells were imaged using a Leica (Wetzlar, Germany) TCS-SP laser scanning confocal microscope with a 100×, 1.4 numerical aperture (NA), plan Apochromatic lens using a computer-controlled 488-nm argon laser to excite GFP or a 568-nm krypton laser to excite Alexa red dyes coupled to dextran and LysoTracker (Invitrogen Molecular Probes, Eugene, OR). Signals were collected at 1.3-s intervals. FRAP was performed as described ([@B52]). Some live-cell imaging was done on a DeltaVision deconvolution microscope (Applied Precision, Issaquah, WA) using a 100×, 1.4 NA lens. Acquisition rates for time lapse varied from 1 to 1.6 frames per second.

The lysosomal fluorescence intensity was determined from summed deconvolved slices from 10 to 12 cells each in four separate experiments. The lysosomal areas were outlined using ImageJ and an integrated fluorescence intensity from that region determined. We then subtracted the contribution of the top plus bottom by measuring an area that contained no lysosomes and then outlined the entire cell to obtain the percentage of the total fluorescence on lysosomes. The graphs in [Figure 4D](#F4){ref-type="fig"} were generated by drawing a line along the edge of the cell in both the starved and the reversed image using the freehand line tool of ImageJ, and a line profile was generated using the Plot Profile function. The peaks represent the amount of fluorescence in each spot and are expressed as gray values (arbitrary units). To quantify the amount of caveolin at the plasma membrane after reversal, 10 random areas were selected using the point visiting function of a DeltaVision deconvolution microscope, and a complete stack was taken either before or 15 min after reversal with fresh growth medium. The individual stacked images were summed and corrected for photobleaching, and 38 areas were selected (at least three to four from each of the 10 fields) that contained individual cells with edges that did not overlap with other cells. The mean fluorescence intensity was measured and the ratios determined from the reversed image divided by the before image. The ratio was 1.43 ± 0.04 (SEM).

To determine the colocalization of caveolin-1--GFP and LysoTracker, we used the Coloc module of Imaris software, version 5.5.2 (Bitplane, St. Paul, MN). The source images were first thresholded so the background was zero, and the data set was masked using the red channel (LysoTracker). The program was then allowed to automatically find the channel intensity thresholds above which colocalization was statistically significant, and Pearson\'s r was determined.

For staining of LE/lysosomes with antibodies, human fibroblasts were fixed and permeabilized with ^−^20°C methanol for 5 min, blocked with 0.2% fish skin gelatin, and labeled with an anti--LAMP-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). A secondary antibody conjugated to Alexa 568 dye (Invitrogen Molecular Probes) was used to visualize the primary antibody. Filipin staining was performed as described ([@B6]), and images were acquired on a DeltaVision deconvolution microscope using a 4′,6-diamidino-2-phenylindole (DAPI) filter set.

Immunogold labeling and electron microscopy
-------------------------------------------

Cells were labeled and processed for electron microscopy essentially as described ([@B71]; [@B20]). Briefly, cells were fixed in 3% (wt/vol) formaldehyde/0.1% glutaraldehyde in warm Hank\'s balanced salt solution--4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; 20 mM, pH 7.3) for 1 h and quenched in 50 mM ammonium chloride in phosphate-buffered saline (PBS) for 30 min. Cell pellets were embedded in Lowicryl K4M at ^−^35°C, and the Lowicryl resin was polymerized by indirect diffuse UV irradiation. For immunolabeling, sections were blocked with PBS containing 1% bovine serum albumin, 0.01% Triton X-100, and 0.01% Tween 20 and incubated for 17 h at 4°C with rabbit antiserum raised against caveolin-1 (10 μg/ml; Transduction Labs/BD Biosciences) or GFP (5 μg/ml; Clontech, Mountain View, CA) in blocking buffer. The bound primary antibody on the samples was detected with goat anti-rabbit IgG conjugated to 10-nm gold particles (1:40 dilution; Amersham/GE, Piscataway, NJ). After labeling, Lowicryl K4M sections were rinsed with PBS and contrasted with uranyl acetate and lead acetate. Electron micrographs were taken with a JEOL 1200 electron microscope (JEOL, Peabody, MA) operating at 80 kV. For quantification at least 20--40 electron micrographs were taken randomly from each group labeled with immunogold. The number of gold particles associated with each of three regions---caveolae, lysosomes, and plasma membrane---were counted under blind conditions and expressed as the number of gold particles per micrometer length of the individual membranes. See Supplemental Table S1 for details of number of cells and length of membrane analyzed for each region. Gold particles were detected decorating mostly the periphery of LE/lysosomes and were scored as being associated with the periphery if they were within 20 nm of the outer surface.

Measurement of LE/lysosomal pH in live cells using ratiometric fluorescence microscopy
--------------------------------------------------------------------------------------

LE/lysosomes were labeled by endocytosis of fluorescently tagged dextrans with an average molecular weight of 10,000 Da. CHO cells were labeled overnight at 37°C with 0.3--1 mg/ml FITC-dex and 0.3 mg/ml OG-dex in either growth or starvation medium. All dextrans were obtained from Invitrogen Molecular Probes. The labeling medium was then removed, and cells were chased for ≥2 h before imaging. Fluorescence images of labeled cells were collected using a PerkinElmer UltraView ERS spinning disk confocal microscope at an emission wavelength of 510 nm with excitation at 440 and 488 nm. The pH of the labeled organelles was determined from the FITC-dex and OG-dex fluorescence ratios (488/440 ratios), essentially as described ([@B17]), by comparison to standard curves generated for each experiment.

All images were processed using the open-source software ImageJ. To obtain an organelle pH ratio, the signal from the background-subtracted 488-nm image was divided by the signal from the background-subtracted 440-nm image to obtain a ratio image. Next a binary mask was generated from the 488-nm image by adjusting the intensity threshold to include only the labeled organelles. By overlaying the binary mask on the ratio image, measurements of ratios were restricted to the organelles of interest. These were then exported to Excel (Microsoft, Redmond, WA) for further data processing and analysis.

A second method was used to measure LE/lysosomal pH and was based again on the ratio of pH-sensitive FITC fluorescence to a pH-insensitive dye, rhodamine ([@B45]). In this case, cells were loaded with a 70,000-Da dextran that was coupled to both FITC and rhodamine (FITC/RH-dex) at 1 mg/ml overnight in either growth medium or starvation medium. The cells were then chased as described in the respective growth or starvation medium without any labeled dextran before imaging using excitation wavelengths of 488 for FITC and 568 for rhodamine. Emissions were collected using a 527(55) bandpass filter for FITC and a 615(70) bandpass filter for rhodamine. The images were processed using Image J essentially as described, using the 527/615 emission ratio. The averages of the ratios from ∼2000--4000 lysosomes were converted to pH values by comparison with a standard curve determined by clamping the pH using the approach described by [@B17] (Supplemental Figure S3A). To clamp LE/lysosome pH, dye-labeled cells were equilibrated for 10 min in calibration buffer (130 mM KCl, 1 mM MgCl~2~, 15 mM HEPES, 15 mM 2-(*N*-morpholino)ethanesulfonic acid, pH 7) that contained 10 μM of the H^+^ ionophore nigericin and 10 μM of the K^+^ ionophore valinomycin. Images were collected as indicated, and the buffer was replaced with fresh calibration buffer at pH 6.5; after 10 min, images were again collected. This process was repeated at pH 6.0, 5.5, 5.0, 4.5, and 4.0. The average intensity ratios from ∼2000--4000 labeled organelles were plotted against pH and gave a nearly linear response between pH 4.5 and 7. The points were fit using linear regression analysis and used to convert the experimentally determined ratios to pH values. Between three and six images were used to collect data for each determination.
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FITC/RH-dex

:   FITC rhodamine dextran

LAMP

:   lysosomal membrane--associated membrane protein-1

LE

:   late endosomes

MβCD

:   methyl-β-cyclodextrin

OG-dex

:   Oregon green dextran
